The time course of the regeneration of rat skeletal muscle has been examined after injection of the myotoxic drug, Marcaine, to induce regeneration. Muscle wet weight decreases during the initial phase of the regeneration process while the ability of the regenerating muscle to incorporate [3SS]methionine into protein, the yield and activity of muscle polysomes and the yield of total and poly(A) + RNA all increase initially. Following the initial changes, these parameters return to near control values by 30 days after Marcaine injection. Theoretical calculations suggest that the changes in polysome yield and activity are sufficient to account for the changes in the ability of muscle fragments to synthesize protein during the regeneration process. The specific activity of total muscle RNA in the wheat germ cell-free system decreases initially during the early stages of the regeneration process. This decrease may reflect the fact that while the yields of both total and poly(A) + RNA increase during the early stages of regeneration, the percentage of the total RNA which is poly(A) + decreases initially.
INTRODUCTION
It has been known for some years that damaged skeletal muscle has the capacity to regenerate itself [ 1 ] . A particularly useful model for the study of the regeneration process involves the induction of regeneration by the use of a myotoxic drug known as Marcaine (bupivacaine). It has been shown by Hall-Craggs [2] , by Carlson and Gutmann [3] and by others [4, 5] that the injection of Marcaine into an appropriate muscle leads to a rapid and striking degeneration of that muscle which is followed by an equally dramatic regeneration phenomenon.
Previous studies from this laboratory have shown that Marcaine is a translational inhibitor which acts at the level of the aminoacylation of RNA [6, 7] . The inhibitory effect is specific for eukaryotic cells and involves the competitive inhibition of the acylation of tRNA with certain amino acids [7] . This effect on protein synthesis may explain, in part, the efficacy of Marcaine in the induction of muscle degeneration. More recent studies have been concerned with the changes in protein synthesis whici~ occur during regeneration of rat skeletal muscle. It has been shown that Marcaine injections of 0.5-1.5% (w/v) in saline are efficient in inducing breakdown and regeneration of rat tibialis anterior, and that dose-dependent changes in protein synthesis accompany the regeneration process. This increase in protein synthesis seems to reflect an increase in the yield and activity of polyribosomes isolated from regenerating as compared with control muscle [8] .
In view of the results summarized above which indicate that changes in the translational apparatus do occur during skeletal muscle regeneration, it is of interest to determine what molecular effects are responsible for the observed increases in protein synthesis. To this end, the time course of the regeneration process has been examined. Polyribosomes, total and poly(A) + RNA have been isolated at various times during regeneration and translated in cell-free protein-synthesizing systems. The results of these experiments are discussed in terms of the regulation of protein synthesis during muscle regeneration.
EXPERIMENTAL METHODS

Marcaine injection procedure
Skeletal muscle regeneration was induced by the direct injection of 0.75% (w/v) solutions of Marcaine in 0.9% NaC1 into the tibialis anterior of male rats as described previously [8] . This Marcaine dose induces extensive muscle regeneration with little or no ischemia. Contralateral control muscles were injected with saline only. Muscles were excised for examination 5, 8, 15 and 30 days following injection.
Measurement of muscle protein synthesis
The procedure for incorporation of [35S]methionine by muscle fragments was as described previously [8] . Procedures for isolation of muscle polyribosomes and for cell-free protein synthesis have been described, and calculation of relative levels of protein synthesis were made exactly as was described in a previous publication [8] .
Protein synthesis in the wheat germ system
Total and poly(A) + muscle RNAs were isolated by Method 3 of Rogers and Jones [9] . The RNAs were translated in the micrococcal nuclease treated wheat germ cell-free system [10] . In most incubations, reaction mixtures contained the following components: Tris-HC1, pH 7.6, 20 raM; potassium acetate, 56 mM; nineteen non radioactive amino acids minus methionine, 0.04 mM each; creatine phosphokinase, 0.2 mg/ml; magnesium acetate, 2.5 raM; ATP, 1 raM; GTP, 0.1 mM; phosphocreatine, 5 mM; dithio-threitol, 2 mM; spermidine, 0.2 mM; human placental ribonuclease inhibitor, 200 units/ ml; [3SS]methionine 200/aCi/ml. Reaction mixtures were incubated for 60 min at 25°C and trichloroacetic acid precipitates were collected on glass fiber filters to quantitate methionine incorporation.
RESULTS
Time course of changes in muscle mass and capacity for protein synthesis
When regenerating rat tibialis anterior was subjected to histological analysis by hematoxylin and eosin staining, the time course of regeneration in morphological terms was shown to be identical to that observed by other workers [2, 11 ] . By 5 days post injection, myoblast fusion had occurred and late regenerating myotubes could be observed [2, 11] . By 8 days, the transformation from myotubes to early cross-striated muscle fibers could be observed. Fifteen-day regenerates looked much like mature muscle and by 30 days the regenerates were indistinguishable from normal muscle or saline-injected controls [2, 11 ] . It was of interest, therefore, to determine how the regeneration process affected the ability of the regenerating muscle to synthesize protein. Figure 1A shows the change in the muscl~ wet weight to animal body weight ratio over the course of the regeneration process. Regeneration occasions an initial decrease in the muscle weight which is followed by a gradual increase. By 30 days post injection the muscle weight has returned to near control values. Figure 1B shows the change in ability of muscle fragments to incorporate [35S]-methionine into protein over the course of regeneration. In these experiments, minced muscle was incubated with the radioactive precursor as previously described [8] . It can be seen that there is a dramatic increase in the ability of the regenerating muscle to incorporate [aSS]methionine into an acid-insoluble form during the early stages of regeneration. The maximum incorporation increase (about 20-fold as compared with controls) was achieved 8 days following Marcaine injection. The capacity for protein synthesis declined after that point and by 30 days post injection, the level of [aSS]methionine incorporation was essentially identical to that of control muscle.
Protein synthesis by polyribosomes from regenerating tibialis anterior
In an earlier report from this laboratory, it was argued that the dose-dependent increase in protein synthesis observed 5 days following Marcaine injection was due, at least in part, to an effect at the level of the muscle polyribosomes [8] . To test this hypothesis further, polysomes have been isolated from regenerating muscle at various times following Marcaine injection. The time course of the regeneration effect on the yield of polyribosomes is shown in Fig. 2A . There is a dramatic increase in the polysome content of regenerating muscle at the early time points (5 and 8 days) following Marcaine injection with a gradual decrease to near control levels by 30 days.
The protein synthetic activity of the isolated polysomes was tested in the polysomal cell-free protein synthesizing system described previously [8] . Results of a typical analysis are shown in Fig. 2B . In this experiment, the ability of the polysomes to direct the incorporation of [3SS]methionine into protein was determined, and the specific activity (cpm incorporated per A260 unit polysomes) was calculated from the linear portion of polysome versus incorporation curves (see ref. significant increases in the cell-free synthetic activity of the polysomes are observed at the early time points after Marcaine injection and the activity decreases gradually, approaching control levels by 30 days following the induction of regeneration. It is important to note here that polysomal cell-free systems contained a soluble enzyme fraction from rat liver so that the increases depicted in Fig. 2 cannot be due to changes at the level of the soluble enzymes.
It was suggested in the previous report that the increase in protein synthesis observed with regenerating muscle fragments was explainable in terms of the increase in yield and activity of the muscle polysomes [8] . Table I shows the relative levels of [3SS]-methionine incorporation by muscle fragments over the 30-day course of the regeneration process studied here (column 2). The third column in the table reflects the results of theoretical calculations in which the effects of polysome yield and activity on overall protein synthesis levels have been estimated. At each time point, the relative increase in polysome yield compared to controls was multiplied by the relative increase in activity. For example, at the 5-day-point, the relative increase in yield was 10.6-fold compared to control muscle, and the increase in activity was 1.7-fold. Thus, the expected increase in the level of protein synthesis is 1.7 × 10.6 or 18-fold. This figure is in excellent agreement with the observed level of protein synthesis (18.7 times control) by fragments 5 days following the induction of regeneration. Indeed, the correlation between the calculated and observed protein synthesis levels was excellent at all time points examined (Table I) . Experiments are in progress to determine the molecular alterations responsible for the increased activity of polysomes isolated from regenerating muscle, and to examine other components of the translational apparatus (e.g. tRNA) in regenerates.
Isolation of total and poly(A ) + RNA from control and regenerating muscle
To examine further the effects of the regeneration process on the synthesis of muscle Fig. 1B and expressed relative to the control value set arbitrarily at 1.0. bCalculated from the data of Fig. 2A and B. The yields and activities of the muscle polysomes at each time point were expressed relative to control values set arbitrarily at 1.0. The relative yield was then multiplied by the relative activity at each time point to obtain the data in column three.
proteins, total and poly(A) + RNA were isolated from the muscle tissue. The isolation procedure (Method 3) of Rogers and Jones [9] , which mimics that of Glisin etal. [12] , was used for the isolation of total RNA, and poly(A) + RNA was isolated by oligo(dT)-cellulose chromatography. The yields of total and poly(A) + RNA over the course of the regeneration process are shown in Table II . It can be seen that there is a dramatic increase in the yield of total RNA from the regenerating muscle as compared with controis. By 8 days post injection, there is five times as much RNA isolatable from regenerates as from controls. A similar increase in the yields of poly(A) + RNA is also observed. The amounts of RNA decrease after the 8-day maximum and approach control levels by 30 days following Marcaine injection. It is of interest to note that while there is an increase in the absolute amount of poly(A) + RNA in regenerating muscle, there is a decrease in the relative amount of this RNA fraction as compared to controls. Thus, poly(A) + RNA is only 1.1% of the total in 5-day regenerates while it represents 1.7% of the total in control muscle. The percentage of poly(A) + RNA gradually increases over the course of the regeneration process, approaching control levels by 30 days.
Protein synthesis using total and poly(A } + RNA
The coding capacity of total and poly(A) + RNA has been examined by cell-free protein synthesis in the wheat germ in vitro system. This system has been shown previously to translate mRNAs from muscle tissue with efficiency and fidelity [13, 14] . The responses of the wheat germ system to total and poly(A) + RNAs are shown in Fig. 3A and B. Both RNA preparations stimulated [3SS]methionine incorporation significantly and, as expected, poly(A) + RNA was a more effective template, per/ag of RNA added, than was total muscle RNA (note the differences in scale in Fig. 3A and B) . The results shown in Fig. 3 were obtained with RNAs isolated from control muscle but similar data were obtained when RNAs from regenerating muscle were tested. Total RNA routinely stimulated amino acid incorporation in the wheat germ system from 12-to 20-fold while poly(A) + RNA stimulated from 40-to 90-fold. acalculated by assuming that 50 ~g = 1 A2~ 0 unit of RNA. Yields are expressed relative to muscle wet weight. bNumbers in parentheses represent the percentage of total RNA which was recovered as poly(A) + RNA. Figure 4 depicts the specific activity of total RNA isolated at various times during the regeneration process, cpm/pg RNA were determined for each RNA preparation from curves similar to those presented in Fig. 3A . Figure 4 shows that the specific activity of the RNA decreases 5 days following Marcaine injection and gradually returns to control levels over the next 25 days. This result may reflect the decrease in relative poly(A) + RNA content in the total RNA population isolatable from regenerating muscle (Table 11) . 
DISCUSSION
The results presented confirm that skeletal muscle regeneration in rats is accompanied by dramatic changes in the activity of the translational apparatus. There are increases in the yields and activities of polysomes isolated from regenerates early in the regeneration process, and these increases can be used to explain the observed increase in the ability of muscle fragments to incorporate radioactive precursors into protein.
The increased protein synthetic activity also seems to reflect an increase in the amount of messenger RNA present in the regenerating muscles. Such an increase is not surprising since considerable synthesis of new protein must be required to rebuild the damaged muscle. Following the initial increase in yield and activity of polysomes and RNA, there is a gradual decrease so that by 30 days following the induction of regeneration, yield and activity values have returned to near control levels.
As mentioned previously, the morphological time course of the regeneration process observed in the experiments reported above was identical to that found by other researchers [2, 11] . It is of interest to attempt to correlate the changes in protein synthesis with the morphological stages of the regeneration process which have been characterized in previous publications. By 5 days after Marcaine injection, regenerating myotubes can be observed morphologically [2, 11] and the muscle shows an increased capacity for protein synthesis and an increased yield of polyribosomes and of total and poly(A) + RNA (Figs. 1-3 ). These increases are likely to reflect the synthesis of contractile proteins for the construction of new myofibrils and are even more dramatic when 8-day regenerating muscle is examined. By this time, early cross-striated muscle fibers can be seen histologically [2, 11 ] , and the need for newly synthesized contractile proteins is presumably high. The decline in the protein synthetic parameters examined in this study after the 8-day time point is probably indicative of a decreased requirement for new proteins once mature muscle fibers have been formed. It is noteworthy that the activity of total muscle RNA in the wheat germ cell free system actually decreases during the early stages of the regeneration process (Fig. 4) . This observation may simply reflect the decrease in percentage of poly(A) + RNA in the total population at the earliest time points following Marcaine injection (Table II) . The reason for these decreases has not yet been determined.
A previous report from this laboratory showed that myofibrillar proteins corresponding to myosin heavy chain and actin could be detected on one-dimensional polyacrylamide gel etectrophoresis of the products of polysomal protein synthesis [8] . In the present study, it was observed that one-dimensional gel profiles of the products of polysomal and RNA primed wheat germ protein synthesis were indistinguishable from those previously published [8, 9] . Experiments are in progress to quantitate the levels of myosin heavy chain and actin synthesis during regeneration using immunological techniques and two-dimensional gel electrophoresis.
